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Microbiology

Urban Air Particulate PM 1648 and Asthma Exacerbation
Committee Chair: George Card
Particulates in air pollution have been strongly associated with asthma symptoms.
These particulates are a conglomeration of many components, including metals,
polyaromatic hydrocarbons, and lipopolysaccharide, that may cause oxidative stress upon
uptake by alveolar macrophages. The objective o f this study was to assess whether
uptake o f a model air particulate (PM 1648) causes oxidative stress in macrophages
resulting in the production o f eicosanoid inflammatory mediators such as prostaglandin
E 2 and the cysteinyl leukotrienes that might exacerbate asthma. Two model systems were
used; 1) RAW 264.7 cells incubated with PM 1648, and 2) an antigen-presenting cell
assay with BALB/c alveolar macrophages and OVA-responsive DO 11.10 T-cells. The
data suggest that PM 1648 causes oxidative stress in RAW 264.7 macrophages, with
increased intracellular levels o f oxidative species and decreased intracellular glutathione
(GSH) levels. Prostaglandin E 2 levels significantly increased at the 3, 6 , and 12 hour time
points and introduction o f GSH-ester to buffer against GSH loss was able to block the
elevation o f PGE 2 . The antigen-presenting cell assay, however, showed a significant
reduction in PGE 2 levels with PM1648, and a significant increase in the level of
cysteinyl-leukotrienes. The data suggest an association between PM 1648 induced
oxidant stress and modulation o f eicosanoid formation.
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1.0 Introduction
Goal of Research
Particulates in air pollution have been strongly associated with the exacerbation of
asthma symptoms[l]. These particulates are a conglomeration of many components,
for example, PM 10, particulate matter 10 pm or less in diameter, has been shown to
contain metals, sulfate, nitrate, hydrocarbons, and endotoxin (LPS)[1], These
components have the potential to cause oxidative stress in macrophages potentially
altering the production of inflammatory mediators[2]. Asthma is considered a disease
of Th2 type immune system activation, therefore, an agent which exacerbates Th2
activation could exacerbate asthm a[3,4]. The overall objective of this study was to
investigate the potential oxidant effects of air particulate on lung asthmatic responses,
both in vivo and in vitro. A focus of these studies was the production of
prostaglandin Ez (PGE 2 ) by particulate-stimulated alveolar macrophages and the role
of PGE 2 as a possible mediator in the shift toward a Th2 response.

Rationale
These studies were based on a model from air pollution particulate exposure to
exacerbation of asthma as outlined in Figure 1. Uptake of air pollution particles by
the alveolar macrophage are proposed to cause intracellular oxidative stress. This
oxidant stress results in the production of mediators including the eicosanoid
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prostaglandin E 2 (PGE 2 ). PGE 2 may modulate the immune system towards a Th2
response. Then when allergen exposure occurs, there is a greater asthmatic response,
including bronchoconstriction and mucus production, than would have occured
without the Th2 priming effect of the particulate. This model breaks conveniently
into five sections for discussion: 1. Lung defenses against particulate uptake and
effects, including the alveolar macrophage’s role in suppressing inflammation. 2. Air
pollution particulates: Health effects and composition, and validation of the use of
PM 1648 as a representative particulate. 3. The potential for particulate components
to cause oxidative stress in macrophages, using glutathione levels to follow this
stress, and why prostaglandin E2 production might result. 4. The possible effects of
the resulting PGE 2 on priming the immune system towards a Th2 path. 5. Asthma; its
pathology and why Th2 priming by PGE 2 might exacerbate disease.
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Lung Defenses
The lung is faced with a constant challenge of inhaled antigens, most of which are not
pathogenic. Inhaled particulates deposit in the respiratory tract in different locations
dependent upon their diameter. With nasal inhalation, greater than 50% of particles 5
pim and above are filtered by the human nose and pharynx, reaching

100%

for

particles above 10 p,m[5]. The architecture of these primary airways results in
impaction of larger particles, which then collect in mucus and are expelled, or are
solubilized and subject to the biotransformation capacity of the nasal epithelium.
Smaller particles (<5 pm) are able to penetrate deeply into the lungs[5]. Impaction
and gravitational settling may cause them to collect in the tracheobronchial region,
while diffusion is particularly important in the distribution of particles to the alveoli.
In the pause between inspiration and expiration smaller particles are most likely to
either settle or randomly diffuse into the walls of the alveoli[5]. Thus, the primary
methods of particle distribution into the lungs are impaction, gravitational settling,
and diffusion, depending on size[I, 5].

Barriers to the stream of foreign particles in the trachea and bronchioles include the
mucosal layer and the sweeping effect of cilia as well as secreted antibodies and anti
bacterial agents [5, 6 ]. Deeper in the lungs, the ciliated columnar epithelium of the
bronchioles transitions to the nonciliated squamous epithelium of the alveoli.
Phagocytosis by the alveolar macrophage (AM) thus represents the only clearance
mechanism for particles inhaled into the alveoli[5]. It is these cells which make first
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contact with distally deposited antigens or toxicants. Four outcomes of phagocytosis
are possible:

1) The AM can digest the particle with no further effects. 2) The

AM can digest and then present the particle as antigen to T cells. 3) The particle can
result in death of the AM. And finally, 4) a macrophage full of undigested particles
may make its way to the mucociliary escalator for clearance by coughing or
swallowing[5]. Any of these outcomes might result in the production of
inflammatory mediators by the AM, either as a result of a particle’s toxicity, or
simply as a result of the macrophage’s own oxidative attempt to digest the particle.

The lung is a unique environment. It is constantly being bombarded by foreign
material, infectious, toxic, or inert, but manages to clear these particles without
maintaining a constant state of inflammation. The AM’s are an important part of this
process. Under normal conditions macrophages down-regulate the immune response
in the lung. Experimental depletion of AM ’s in animals results in a much greater
response of antibody-forming B cells upon antigen challenge than in controls[6 , 7]. It
has also been shown that lung T cells are less responsive to mitogens plus IL-2 than
splenic T cells, unless the AM’s are depleted. In this case the lung T cells proliferate
comparably to the splenic T cells[7].

Thus, the lung is resistant to penetration by all but the smallest particles, and the
AM's can normally clear smaller particles without causing inflammation. Yet air

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

pollution particles do cause health effects. Their size allows them to deeply penetrate
into the lung, and their unique composition leads to activation of the AM’s.

Particulate Matter and Health Effects

Epidemiological studies reveal associations between air pollution and the occurrence
of respiratory symptoms characteristic of asthma. Emergency room visits and
hospital admissions for asthma correlate with the amount of exposure to air
pollution[8 ]. The order of the relative strength of associations between mortality and
criteria pollutants puts fine particulates in front: PM2.5 (particles less than 2.5 |im) >
PMIO > SOx > KT > O3 > NOx [8 ]. These associations include deaths from
cardiovascular as well as pulmonary disease, but the route of toxicant exposure is the
lung in either case. In setting its 1995 guidelines for air pollution, the World Health
Organization said that no safe level exists for particulate air pollution[9].

The prevalence of asthma has been increasing since the 1970’s[8], and air pollution is
a possible contributor. Asthmatics are particularly sensitive to attacks brought on by
air pollution. Diesel exhaust particles, one element of particulate pollution, increase
IgE production, Th2 cytokine production, and mucosal inflammation in humans and
animals challenged with allergens[10]. The insoluble portion of PMIO has been
shown to induce the inflammatory cytokines IL - 6 and T N F a [lI]. Previous studies in
our laboratory demonstrated that PM 1648 primes the ovalbumin-responsive D O ll.lO
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mouse for increased response to aerosolized ovalbumin (Figure 2 ). Thus, laboratory
results are beginning to connect asthma exacerbation with air particulates.

Air pollution particulate matter, PM, has been shown to contain a wide variety of
toxicants: Metals, silicates, complex organics, inorganic carbon, endotoxin, and
small amounts of potentially allergenic protein. The variety of components represents
the variety of sources. Oil and coal combustion release transition and heavy metals.
Automobiles contribute organic carbon as well as metals from engine wear. Diesel
exhaust is particularly rich in complex organics such as polyaromatic hydrocarbons
(PAHs), and generally has a core of inorganic carbon. The earth contributes silicates
and metals such as iron, sodium, and magnesium, and agriculture is the source for
biological materials such as endotoxin and proteins[l,

1 2 ].

Particulate matter of 10 p.m and less in diameter (PMIO) was the first size fraction
regulated by the EPA. More recently PM2.5 has been found to be an even more
important fraction in terms of adverse health effects[ 8 j. PM2.5 has a greater surface
area for its mass than PMIO, but it is also more likely to come from combustion
sources rather than the earth's crust, and has a different array of metals and
organics[lj. Particle collection can be an expensive and slow process that yields
small quantities for experimentation. PM1648 is a readily available particle from the
National Institute of Standards and Technology. Collected in St. Louis, MO, with
filter bags, it is not size restricted. PM 1648 includes 26.8% S i02 (mass fraction).
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15.42% sulfate, 3.91% iron, 3.42% aluminum, 1.05% potassium, and smaller amounts
of lead, sodium, zinc, manganese, copper, chromium, and many other trace
metals[13]. The size range of the PM 1648 includes some particles that are too big to
penetrate the lung, but the mean particle diameter is 0.4 (xm, thus the bulk of PM 1648
is made up of particles that could settle in the alveoli. Uptake by the AM then leads
to production of inflammatory mediators[14]. The particles contain known toxicants.
But the question remains, how do these toxicants result in macrophage activation.
Many of these toxic components are known causes of cellular oxidative stress that
can cause cell damage and cell signaling. Oxidative stress could cause inflammatory
mediator production, and glutathione levels provide a convenient measure of that
stress.
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Figure 2 PM 1648 primes D O ll.lO mice for increased response to ovalbumin[15).
D O ll.lO mice were instilled with 500 p.g PM1648. Two days later, the mice were
intranasally exposed to ovalbumin protein. The response to methacholine was
measured four hours later with whole body plethysmography.

O xidative Stress and G lutathione
One of the functions of reduced glutathione, GSH, is to function as a buffer for cells
against toxicants, both electrophiles and oxidants. Cells maintain a pool of
glutathione which can be conjugated to an electrophile via glutathione transferase
enzymes, or can donate its sulfhydryl reducing power for the repair of oxidized
cellular macromolecules. A significant oxidative insult - including possibly air
pollution particulates - would be expected to decrease AM stores of GSH. Two
possibilities exist: First is the effect of exogenous oxidants. Particulate components.
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including active metals and polyaromatic hydrocarbons, can participate in redox
cycling[16]. They may also bind enzymes involved in oxidative phosphorylation,
derailing the process and increasing free radical production by mitochondria[16]. The
second possibility is the effect of endogenous oxidants; that is, the macrophage’s own
oxidative burst, a protective mechanism against microbial invaders, but also
damaging to bystander cells and possibly to the macrophage itself[16,17]. Thus, the
intracellular level of GSH becomes a measure of oxidative stress[18j. GSH is
oxidized to the disulfide GSSG. Intracellular GSSG levels do not rise significantly,
however, as the cell pumps out the oxidized form which could then become toxic
itself[18]. In the short term GSH levels would be expected to fall upon macrophage
uptake of air particulate. But with time the macrophage may compensate for the
oxidant stress by increasing the overall pool of protective GSH[18], This protective
effect has been observed in RAW 264.7 cells exposed to oxidant-generating y-rays;
GSH levels were significantly increased post-radiation[19]. Quinone-induced
oxidative stress has been shown to induce transcription of the rate-limiting enzyme
for glutathione formation, glutamate-cysteine ligase, (GCL, also known as y glutamyl
cysteine synthetase), as well as increasing intracellular GSH in rat lung epithelial
cells[20]. Quinones are the leading suspect in the oxidative stress caused by diesel
exhaust particles[16]. They can form during combustion, or as biotransformation
products of Cytochrome P450 enzymes, and create toxic levels of superoxide radical
as they cycle back and forth to the semiquinone form [l 6 ]. In the short term, then,
oxidative stress results in a decrease in the intracellular level of GSH, but in the long

10
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term the level of GSH increases above baseline as a compensatory response to the
stress.

As the oxidative stress initially overcomes a macrophage’s ability to compensate with
antioxidants such as GSH, oxidative signaling may occur. NF- k B and AP I are key
transcription factors in the upregulation of inflammatory mediators, including
pathways leading to eicosanoid production[21]. Superoxide has been shown to
promote cyclooxygenase-2 expression in macrophage by activating AP-1 and NFkB[21].

Oxidative stress has also been shown to upregulate phospholipase Ai

expression and increase prostaglandin Ez synthesis[22]. This brings us to a potential
macrophage promoter of Th2 response. Prostaglandin E2 (PGEz) is produced by
activated macrophages, and is considered a Th2 mediator because of its T hl
suppressive effects.

Prostaglandin Ez

PGEz, a product of the enzymes phospholipase Az, cyclooxygenase (COX) and PGEz

synthase, seems to have contradictory effects in the case of asthma and Th2
pathways. PGEz is generally considered to be a down-regulator of the immune
system, inhibiting immune cell proliferation and decreasing production of cytokines
such as IL-1, IL-2, and interferon y [23]. Blocking PGEz formation has been shown
to decrease IL-IO production and lead to greater T cell proliferation in a mixed

11
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lymphocyte reaction[24]. Through the EP 2 receptor, PGE 2 has been shown to directly
cause bronchodilation in mice[25]. Perhaps most significantly, in a study utilizing a
mouse asthma model, inhibition of the cyclooxygenase enzymes increased
inflammation and hyperresponsiveness[26]. Blocking cyclooxygenase halts
production of many important mediators, but this study implicated PGE 2 as the
missing suppressive mediator[26].

The contradiction in terms of asthma is that PGE 2 is generally known as a Th2
promoter, particularly through its selective suppression of T hl cytokine
production[24, 27-29], PGE 2 may commit dendritic cells to low IL - 1 2 production,
thereby decreasing T hl activity[24]. PGE 2 has also been linked to prolonged survival
of immune cells. Lung fibroblasts inhibit the apoptosis of T-cells through a PGE 2
dependent mechanism[30], and PGE 2 extends eosinophil survival in vitro[31].
Having these activated cells maintained could exacerbate an asthmatic response. In
addition, a study has shown PGE 2 enhances mast-cell degranulation[32].

Thus, the effects of PGE 2 are complex, and may primarily involve a shift of the
immune response, a downregulation of the T hl inflammatory pathway and either an
upregulation or no effect on Th2 cytokines[32]. If air pollution particles result in
macrophage oxidative stress that causes PGE 2 production, then they will modulate the
bronchoconstriction and mucus production that an asthmatic already experiences.

12
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Asthma

Allergic asthma is a chronic disease in which the normal lung airway immune
suppression has been lost. The AM is central to the development of inflammation in
the iung[33]. Macrophages phagocytize and process inhaled antigen. Processed
antigen is then presented to T cells in the context of MHC Class n . Once helper Tcells of the Th2 type are activated they release Th2 cytokines IL-4, IL-13 and IL-5
(Figure 3). IL-4 and IL-13 stimulate proliferation of B cells and drives the class
switch towards IgE production[34, 35]. IL-5 has the same effect on B cells, and also
promotes growth and differentiation of eosinophils[35, 36]. Eosinophils are recruited
to the lungs, and the resulting mediators contribute to the asthma pathology:
Production of mucus, bronchial smooth muscle contraction, and impaired air
exchange. Long term asthmatic response results in reticular basement membrane
thickening, goblet cell hypeiplasia, and an expansion of the percentage of bronchial
wall occupied by smooth muscle[37]. The clinical definition of asthma includes four
characteristics[35, 38]: 1. Airway obstruction caused by bronchial constriction and
excess mucus. Histamines and leukotrienes are partly responsible for this pathology,
derived from mast cells and eosinophils[38]. 2. Inflammation of airway mucosa.
Influx of eosinophils and neutrophils and an excess of macrophages cause the
inflammation, brought about by chemotactic factors such as leukotriene B4[38]. 3.
Airway hyperresponsiveness. IL-13 seems to be a critical cytokine for this increased
response to agents that cause airway constriction by activating smooth muscle
receptors, including those for methacholine and histamine[4]. 4. Potential for
fibrosis. Fibrosis may occur in some patients over the long term.

13
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The causes listed for the asthma pathology, histamines, leukotrienes, etc., are all
proximate causes, the front line mediators. The root cause of asthma is the aberrant
Th2 response[34, 39]. The balance between T hl and Th2 T cells depends on the
levels of IFNy (T hl) and IL-4 (Th 2 ) cytokines[28]. But these cytokines both act on
and are produced by T cells, so to look for causation requires examination of the role
of the antigen-presenting cell (APC). IL-12, which encourages IFNy production in
uncommitted ThO cells, is secreted by APCs as they present antigen to T cells. The T
cells then produce IFNy as well as upregulating the IL-12 receptor (IL-12R)[40].
Essentially the uncommitted T cell initially becomes a T hl cell, but remains
responsive to EL-4 from mast cells, Th2 cells, or even ThO cells, which may switch
the response to Th2[40]. If the APC is influenced by cAM P inducing agents,
including prostaglandin E 2 , lower levels of IL-12 are produced, encouraging Th2
differentiation[24, 27]. It is also likely that PGEz and other Th2 promoting agents
commit dendritic cells, the most powerful APCs, to encouraging Th2 cell
development. There may be type 1 and type 2 APCs as well as T hl and Th2 T cells.
And the primary macrophage-derived mediators for T hl and Th2 development may
be EL-12 and prostaglandin E2.

14
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Figure 3 The Role of Antigen-Presenting Cells and T Cells in the Development of
Asthma

Summary

PM 1648 is representative of air pollution particulates phagocytized by the alveolar
macrophage. The effects of particulates seem to be mediated by macrophage derived
cytokines and lipid mediators. PM1648 and air particulates in general are proposed to
cause an increased asthmatic Th2 driven response[41]. Oxidant generation, and its

15
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effect on PGE 2 production, may be an important part of the mechanism. In this study
it is proposed that air particulates generate reactive oxygen species, resulting in PGE 2
production that down-regulates T hl pathways. An exacerbated asthmatic response
could be the result, with corresponding airway hyper-reactivity, eosinophilia, and
production of Th2 type cytokines.

H ypothesis: O xidant generation caused by u rb an a ir particulate PM1648
contributes to an im m une system shift tow ards an “asthm atic” m ediator profile.

Research Plan
Specific Aim 1: Demonstrate that air particulate causes oxidative stress in
macrophages resulting in PGE 2 production.

RAW 264.7 mouse macrophage cell line was maintained for particulate exposure.
PM1648 air particulate was introduced to the RAW 264.7 cells, and cell death
measured with Trypan Blue. PGEz synthesis was measured by enzyme-linked
immunoassay (EIA). PM 1648 was also introduced to alveolar macrophage cells
derived from BALB/c mice by bronchoalveolar lavage, and resulting PGEz measured.
In the same experiments, cell permeable glutathione monoethyl ester was used to
buffer the oxidative effect of the particulate, attempting to block PGEz production.
GSH levels were used as an indicator of oxidative stress in the experiments with

RAW 264.7 cells. The GSH/GSSG recycling method of Tietze was used[42].

16
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Specific Aim 2; Demonstrate that exposure to PM 1648 promotes an “asthmatic”
mediator profile in vitro that is associated with the production of PGE 2 .

An antigen-presenting cell (APC) assay utilizing ovalbumin and D O ll.lO T cells
transgenic for the OVA-specific T cell receptor was utilized in two ways: 1) With
BALB/c alveolar macrophage cells as the APC, T-cell proliferation was measured
via BrdU incorporation and colorimetric detection with an anti-BrdU antibody. In
order to determine whether prior exposure of the AMs to PM1648 would shift T-cell
cytokine profile towards Th2 (IL-4), cytokines were measured with ELISA kits, and
PGE2 and the cysteinyl leukotrienes were measured with EIA kits. 2) The same
experiment was performed utilizing glutathione monoester pretreatment of the
macrophage. This would enter the cells and should buffer the oxidative insult,
resulting in less macrophage activation, and less of a shift towards a Th2 profile.

17
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1.5 Experimental Considerations
Cell Line

The RAW 264.7 cell line is a BALB/c mouse derived monocyte/macrophage. It is a
fast growing, resilient cell line that was chosen as a representative of the alveolar
macrophage. It has been used frequently in published experiments, thus the results
from some experiments could be compared with those in the available literature.
However, it is an immortalized cell line and thus only a model for a primary alveolar
macrophage.

The RAW 264.7 gamma (NO)- cell line is a derivative of the original RAW 264.7
cell line that does not produce nitric oxide with IFNy alone, but requires LPS for full
activation. It was only used in the adherence activation experiment shown in Figure
4.

Measurement of Oxidative State

The macrophage oxidative state is highly variable. Even the length of time between
plating of the macrophage and measurement can influence the result. Scraping of the
cells from the plate activates them, increasing their production of oxidative products
and changing the internal oxidative state of the cells. For example, RAW 264.7
gamma (NO)- cells plated for only three hours had twice the oxidation rate of cells

18
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plated overnight, as measured by oxidation of H 2DCFDA to the fluorescent
dichlorofluorescein (Figure 4). Thus, cells were always plated overnight before
particulate introduction and oxidative state measurement.

750-,

3
U.
Œ
g

O

■ Overnight
A 3 hours
500-

250-

3

U.
0

1

2

3

4

Time (hours)

Figure 4 Com parison of length of time of m acrophage adherence on oxidant
status m easurem ent. RAW 264.7 y (NO)- cells scraped from flask and plated
overnight or for three hours. H 2DCFDA added to wells at 10 pM, then flourescence
read over time on plate reader, excitation 485 nm, emission 530 nm, n=9. RFU is
relative fluorescence units. Overnight slope is 77.05, 3 hour slope is 165.8, and the
slopes are significantly different P<.0001.

Control Particles

Titanium dioxide was used as a relatively non-toxic control particle. This particulate
is taken up by macrophages, and thus serves as an indicator of any
activation/mediator production that might occur simply as a result of phagocytosis.
Yuen et. al. found that titanium dioxide did cause a neutrophilic inflammatory

19
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response in dust-exposed rats, but at a lower and more transient level than with silica
[43].

D O ll.lO T-Cells

DOll.lO^^^ transgenic mice are on a BALB/c background and contain an ovalbuminspecific T cell receptor recognizing ovalbumin peptide 323-339[44]. The T cells also
have their unique receptor generated by recombination. These are uncommitted, or
naive T cells, not T hl or Th2, thus any pathway effect of the particulate can be
assessed. In the typical sensitization model of asthma, the process of producing
responder T-cells, involving allergen and alum adjuvant, certainly commits T cells to
a Th2 path[45], and might mask the priming effect of the particulate. In addition to
these concerns, the DO 11.10 mice are simply more expedient, providing an
immediate source of OVA responding splenic T cells without the need for extended
immunizations.

Eicosanoid Mediators

Phospholipase A2 hydrolyses the Sn-2 bond of phospholipids and is responsible for
the release of free arachidonic acid as a substrate for eicosanoid production. The
enzyme is both inducible by certain cytokines, and also regulated, positively by
cAMP and kinases, and negatively by cGMP[46]. It is the first enzyme at which the
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production of eicosanoid signaling molecules is controlled, and the only one shared
between the leukotriene and the prostanoid pathways.

Cyclooxygenase (COX) is first enzyme of the prostanoid pathway, and produces
PGH 2 from arachidonic acid. There are two isoforms of the enzyme, COX-1 and
COX-2. COX-1 is a constituitive form primarily involved in maintenance, including
gastrointestinal acid regulation and renal function. COX-2 is the inducible form
activated during inflammation. COX 1 and 2 are actually bi-functional enzymes with
both endoperoxide and peroxidase activities. First, they oxygenate arachidonic acid
to form PGG 2 , then the peroxidase acts to form PGH 2 .

From PGH 2 the tree branches into an array of mediators. PGE 2 is produced by PGE
synthase, and is known as a Th2 mediator and a suppressor of T hl inflammation.
PGD 2 , produced by PGD synthase, is the major eicosanoid product of mast cells, and
is a bronchoconstrictive agent in asthma. Thromboxane A 2 is a powerful
bronchoconstrictive agent produced by platelets and macrophages, but it is only
produced in small amounts[38].

On the other main branch are the leukotrienes. The 5-lipoxygenase enzyme produces
leukotriene A4 from released arachidonic acid. Addition of glutathione by
leukotriene C4 synthase creates the first of the cysteinyl leukotrienes, leukotriene C4.
All of the cysteinyl leukotrienes are powerful bronchoconstrictors important in
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asthma[34, 38]. Leukotriene A4 is acted on by a hydrolase enzyme to become
leukotriene B4, a powerful recruiter of neutrophils and eosinophils[38].

There are about a hundred derivatives of arachidonic acid, many with known
physiological effects. This project focuses on a group of the more common
prostanoids and leukotrienes.
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2.0 Methods
Animals:
BALB/c mice were obtained from Jackson Laboratories (Bar Harbor, ME), and
D O IL IO (BALB/c background with transgene for ovalbumin-specific T cell
receptor) breeding pairs were kindly provided by Corixa Corporation (Hamilton,
MT). Euthanasia was performed by ip injection of a lethal dose of sodium
pentobarbital (for isolation of AM) or CO 2 asphyxiation, which are both consistent
with the recommendations of the Panel on Euthanasia of the American Veterinary
Medical Association. The animal room is set on 12 hr light/dark cycles at
approximately 18-26°C, with mouse feed and de ionized water provided ad libitum.
All protocols for the use of animals in experiments have been approved by the
University of Montana Institutional Animal Care and Use Committee (lACUC). The
mice are maintained in microisolation containers in the Laboratory Animal Resources
animal facility, in accordance with the “Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Laboratory Animal Resources, National
Research Council.

Cell Culture:
RAW 264.7 (ATCC, Rockville MD) macrophage cells derived from BALB/c mice
were maintained in 75 cc tissue culture flasks with DMEM plus 10% fetal calf serum
and antibiotic/antimycotic - 100 units/ml penicillin, 1(X) g/ml streptomycin,
amphotericin B 250 ng/ml (Gibco, Grand Island NY). Cells were provided 20 ml
media twice a week, and split

1 :6

once a week.
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Alveolar macrophages were obtained by lung lavage. The lungs from euthanized
BALB/c mice were surgically removed and thoroughly lavaged with 5 repeated 1 ml
instillations of sterile phosphate buffered saline (PBS). The cells were kept on ice
until centrifuged, resuspended, and counted on a Coulter Counter (Beckman Coulter
Z1 particle counter, Miami, FL). Cells were maintained in RPMI plus 10% fetal calf
serum.

Particulate Introduction;
Stock suspensions of PM 1648 and titanium dioxide were made to concentrations of
10 mg/ml in sterile PBS, vortexed, and then sonicated for 1 minute to disburse
particles. RAW cells were plated one day in advance of particulate introduction at
IxlOf cells per well in a 96-well plate. Particulates were introduced at 0, 25 pg, 50
pg and 100 pg/ml from stock suspensions.

Cell death was measured after 24 hours

by adding Trypan blue to the wells and counting 100 cells per well and comparing the
number of cells that took up the dye (non-viable) vs. the number of colorless cells
(viable).

Buffers/Inhibitors:
Oxidant-induced PGE 2 production was blocked by pre-exposing cells to 5 mM GSH
monoester (Sigma, St. Louis MO) for one hour prior to particulate introduction.
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Antigen-Presenting Cell Assay;
AMs were obtained by performing bronchoalveolar lavage on BALB/c mice as
described previously. AMs were treated with mitomycin c at 25 pig/ml for 20 minutes
at 37°C. Cells were then brought to 1x10^ cells/ml and plated in a 96-well plate at
100 |i.l/well (IxlO^cells). Cyclooxygenase 1 and 2 inhibitors, SC-560 and NS-398
(Sigma, St. Louis, MO), were added to concentrations of 20 nM and

10

pM

respectively, and 30 minutes was allowed for inhibitor uptake. Particulates were
introduced and 1-2 hours was allowed for macrophage phagocytosis. Ovalbumin
(grade III, Sigma, St. Louis, MO) was added at 10 mg/ml, then plates were incubated
overnight. Splenic T-cells were isolated from D O ll.lO mice. Spleens were removed
from the mice, macerated between glass slides, and mixed well in a volume of PBS
by pipetting to break up clumps. The cells were pelleted at 1500 rpm for 5 min, and
red blood cells were lysed in 10 ml of 0.83% ammonium chloride. The cells were
then washed in PBS 3x to remove debris. T cells were enriched through a CD3 T cell
enrichment column, according to manufacturer’s protocol (R&D Systems,
Minneapolis, MN). The T cells were suspended in RPMI at 4x10^ cells per ml, and
added to the wells containing macrophages in 100 pi per well to give 4x10^ T
cells/well - four times the macrophage cell number. These were added on day two.
The BrdU label for replicating DNA was added on day three. On day four,
supernatants were removed for cytokine/eicosanoid assay, and the cells were then
fixed for antibody detection of BrdU according to the BrdU Cell Proliferation Assay
protocol (Calbiochem, San Diego, CA).
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Analytical Procedures:
PGEa in culture supernatants was measured via enzyme immunosorbent assay
following the manufacturer's instructions (Cayman Chemical Co., Ann Arbor, MI). A
time course of 1,3,

6

and 12 hours after particulate introduction was assayed.

GSH levels were measured using the GSH/GSSG recycling method[42].
Briefly, adherent macrophages in a 96-well plate were rinsed with PBS and then lysed
with two freeze/thaw cycles in 150 jxl of 10 mM hydrochloric acid. Wells were
mixed and a 10 pi aliquot taken for Bradford protein assay. Protein was then
precipitated by adding 35 ^il of 6.5% sulfosalicylic acid, leaving on ice for 10
minutes, then centrifuging 15 minutes at 2000 g. 100 pi of supernatant were
transferred to a new 96 well plate for assay. Total cellular GSH/GSSG was measured
using the GSH reductase-DTNB recycling assay, comparing the rate of color
development at 412 nm of the unknowns to a standard curve. GSSG was measured
separately using 2.5 pi of 2-vinylpyridine with 50 pi lysate to conjugate GSH for one
hour at room temperature, then running the recycling assay. GSH content was
determined by subtracting GSSG measurement from the total GSH/GSSG.

Cytokines IL-13, lL-4, and IFNy were measured in culture supernatants with
sandwich ELISA kits (Pharmingen, San Diego, CA) according to the manufacturer's
instructions.
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In order to assess the contribution of endotoxin, the lipopolysaccharide content of
particulates was measured with the limulus assay (Sigma, St. Louis, MO).

H2DCFDA assay:
Dichloro'dihydro-fluorescein diacetate (10 p,M H 2 DCFDA, Molecular Probes,
Eugene OR) crosses the cell membrane and is trapped in the cell after deesterification by intracellular esterases. The de-esterified H 2 DCF is then sensitive to
oxidation forming the fluorescent compound, DCF. RAW 264.7 cells were scraped
from flask and exposed to 10 piM H 2 DCFDA for 13 minutes with rotation in 37°C
incubator. Particulates were then introduced at concentrations shown, and cells
plated in a 96-well plate, n=5. The plate was returned to the 37°C 5% CO 2 incubator
between hourly readings on the fluorescent plate reader. Cells without dye were used
to subtract background. Readings for fluorescein fluorescence intensity were
measured using a SpectraMax fluorescence plate reader set at 485 nm excitation/530
nm emission (Molecular Devices, Sunnyvale, CA).

Statistical Analysis:
Data are given as mean ±SEM. Analyses were done using the software package
GraphPad Prism 3.03 (GraphPad, San Diego, CA). One way or two way ANOVA
was used to compare groups with one independent or two independent variables,
respectively. A Bonferroni post test was used to compare selected groups. A
Student's t test was used to compare two different treatments with one dependent
variable. Significance is either P<.05 or P<.001, as noted.
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3.0 Results
1. Air particulate PM1648 is toxic to macrophages.
PM 1648 has been shown to be toxic towards primary murine and human alveolar
macrophages. In order to demonstrate the toxicity of air particulate PM 1648 to RAW
264.7 macrophages, the cells were exposed to PM 1648 for 5 and 24 hours. Cells
were plated at 4x10^ cells per well in 6 -well plates. Cell death was measured with
trypan blue, which penetrates dead and dying cells. At 5 hours, although a clear dose
dependence was observed, these values did not quite reach significance, (P<.05)
(Figure 5).

These experiments were done to assess the toxicity of the particulate PM 1648 in the
experimental system of RAW 264.7 cells with the exposure amounts and conditions
used to address the specific aims. The results did not reach significance due to the
low number of wells used for each exposure group, but a dose-response is observed.
Holian et. al. showed a similar dose-response for PM 1648 with human alveolar
macrophages, though the particulate was not significantly toxic until the
concentration reached 200 pg/ml [33]. Reasons for the discrepancy between my
results and previous work could include the cell type used, human AMs vs. RAW
264.7 mouse macrophages, as well as the conditions. In these experiments, the cells
were plated and the particulate was immediately added. As the cells adhered and the
particulate precipitated, the effective concentration would have been greater than

100

pg/ml since cells and particulate were confined to a monolayer at the bottom of the
wells. In the experiments of Holian et. al. the cells were kept on a rotator and thus

28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

were suspended during particulate exposure, reducing the opportunities for particulate
interaction and uptake.

Two important questions are raised by the cell death results. First, apoptosis or
necrosis may alter the production of cytokines and eicosanoids from a cell. These
mediators may also be released from a necrotic cell through damaged membranes.
Later experiments at PM 1648 exposures of either 50 or 100 |xg/ml thus include a
level of “contamination” from dead and dying cells. The second consideration
brought up by the cell death results relates to the normal suppressive effect of AMs
on the lung immune system. Simply eliminating AMs from the lung would remove a
barrier keeping antigen from dendritic cells, a potent AFC. Particulates such as
PM 1648 may also selectively eliminate a population of suppressive AMs that actively
phagocytize antigen, leaving behind a more dendritic cell-like activating macrophage
that may actively present antigen to T-cells. Holian et. al. developed this hypothesis
to explain the toxicity of asbestos and silica [47]. Thus, part of the increased
asthmatic response seen with air particulate exposure may be due simply to the killing
of AMs.
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Figure 5 Raw 264.7 Viability after 5 Hours of Particulate Exposure
Cells were plated at 4x10* cells/well in 6-well plates, particulates were introduced at concentrations
shown. Cells were scraped from wells and exposed to trypan blue. One 5X5 grid on the
hemacytometer was counted, and the results expressed as the percentage o f cells that did not take up
the dye.
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2. Air particulate PM1648 causes oxidative stress in macrophages.
The particulate components; polyaromatic hydrocarbons, metals, and
lipopolysaccharide, are all possible sources of reactive oxidation species. The redox
sensitive dye 2 ’,7’-dichlorodihydrofluorescein diacetate has been used to study the
rate of oxidation rate - or oxidative stress - in live cells[48, 49]. The dye penetrates
cells, is de-esterified, and then when oxidized forms the fluorescent product
dichlorofluorescein[48]. The increase in fluorescence is the measure of oxidation
rate. RAW 264.7 cells were exposed to 10 pM dye for 10-15 minutes, then plated in
a 96-well plate at 400,000 cells/well with PM 1648, TiOz, or no treatment. Fluorescent
readings were taken on the hour for four hours. The results are shown in Figure 6 .
The curves are significantly different by two-way ANOVA. Thus, the oxidation rate
is higher in PM 1648 exposed cells.
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Figure 6 Particulate Effect on RAW 264.7 Macrophage Oxidation Rate
RAW 264.7 cells were scraped from flask and exposed to 10 pM H2 DCFDA for 13 minutes with
rotation in 37'C incubator. Particulates were then introduced at the concentrations shown, and the
cells plated in a 96-well plate, n=5. The plate was returned to the 37°C 5% CO2 incubator in between
hourly readings on a fluorescent plate reader. Relative Fluorescence Units (RFU) is a value derived by
comparing the fluorescence of the sample to the fluorescence of an internal reference chip. The effect
of particulate and the effect of time on RFU are both significant, ?<.0001, by two-way ANOVA.

To further characterize the effect of PM 1648 on macrophage oxidation state,
measurements were made of levels of intracellular reduced glutathione. Total
glutathione and oxidized glutathione were measured separately, and then oxidized
(GSSG) was subtracted from the total to give reduced GSH, and the values were
divided by total protein measured in the initial lysis. Initial experiments were done
overnight, and showed significantly increased levels of reduced glutathione in
PM 1648 exposed cells. Figure 7 shows the results of an 18 hour experiment.
Intracellular GSH levels are significantly increased in PM 1648 exposed RAW 264.7
macrophages vs. control.
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Figure 7 GSH levels in Particulate Treated RAW 264.7 Cells - 18 Hours
RAW 264.7 mouse macrophage were plated overnight at 1x10^ cells/well in 4 96-well plates, n=7.
Particulates were added at 5 Oftg/ml. At each time point the plate was spun 5 minutes 2,000 RPM.
Then the cells were rinsed 2X with PBS, lOmM HCl was added, and the cells frozen at -80C, awaiting
the completion of freeze-thaw lysis, and the glutathione assay was conducted as described in the
methods section. *PM1648 is significantly different from control, P<.001 by one-way ANOVA.

A time course was then done to track the glutathione increase (Figure 8 ). Reduced
glutathione was significantly increased by PM 1648 vs. control at the 12 hour time
point. This increase is an indication of oxidative stress caused by PM 1648. In each
case the titanium dioxide control particle gave GSH levels similar to control,
indicating that particle uptake is not in itself the cause of oxidative stress, but that it is
the characteristics of the particle that are important. The initial drop in the level of
GSH at the 3 hour time point was not significant, but would be expected to occur
before the cells can compensate for the oxidative stress by increasing GSH
production.
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Figure 8 GSH Levels in Particulate Stimulated RAW 264.7 Cells
RAW 264.7 mouse macrophage were plated overnight at 2x10^ cells/well in 4 96-well plates, n=4, one
plate for each time point. Particulates were added at 100 pg/ml. At each time point, the plate was
spun 5 minutes 2,000 RPM, then the supernatant was removed and stored at -80C for PGE2 assay.
Then the cells were rinsed 2X with PBS, 10 mM HCl was added, and the cells frozen at -80C, awaiting
the completion of freeze-thaw lysis and glutathione assay as described in the methods section. *
PM 1648 is significantly different from control, P<.001. TiO;curve is not significantly different from
control at any time point.

3. PM1648 uptake results in PGE2 release from macrophages.
PGE 2 was measured in the supernatant of the samples taken for the previous
experiment (Figure 8 ). PGE; levels were measured by ElA and are shown in Figure
9. The results show an association between PGE 2 release and oxidative stress by
comparing Figures

8

and 9. PGE 2 production was significantly different from control

starting at the 3 hour time point. PM 1648 caused oxidative stress in macrophages,
(Figure 8 ), and concurrently caused significant PGE 2 production (Figure 9). In each
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case the control particle titanium dioxide did not affect RAW 264.7 cell oxidative
stress or PGE 2 production.
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Figure 9 PGEi Production from Particulate Stimulated RAW 264.7
Macrophages
Supernatant derived as described for Figure 8 was assayed for PGE; by enzymatic immunosorbent
assay as described in the methods section. *PM1648 is significantly different from control at 3, 6, and
12 hour time points, P<.001.

4. The oxidative stress caused by PM1648 is responsible for the
resulting PGE2 release.
The previous results demonstrated an association between oxidant stress and PGE 2
release. In order to demonstrate a cause and effect relationship, glutathione
monoethyl ester was used. This ester of reduced glutathione penetrates the cell
membranes, then is de-esterified by intracellular esterases, and the resulting charge
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traps it in the cell, elevating intracellular GSH. Thus the GSH ester provides an
increased oxidative buffer from time zero. Figure 10 shows the effect of elevated
GSH in RAW 264.7 macrophages on PGEa production that occurred with PM 1648
treatment. The PGEz production was significantly lower for PM1648 treated RAW
264.7 cells with the GSH ester vs. without at the 6 and 12 hour time points. The
PGEz production from TiOz was not significantly different from control.
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Figure 10 Prostaglandin Ez Production from Particulate Stimulated RAW 264.7
Macrophage - Effect of Oxidative Buffer GSH Monoethylester
RAW 264.7 macrophage were scraped and plated overnight at 2x10^ cells/well in a 96-well plate, n=3.
GSH-monoethylester was introduced into appropriate wells at 10 mM and allowed 1 hour for uptake.
Particulates were introduced at 100 pg/ml. At each timepoint supernatant was removed, spun 2,000
RPM 5 minutes, and transferred to another plate for storage at -80°C until assay for PGEz as described
in the methods section. *PM1648 is significantly greater than Control at 12 hour time point, P<.001.
#PM1648 is significantly greater than PM1648/GSH at 6 and 12 hour time points, P<.001.
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5. PM1648 results in decreased PGE2 production and increased
cysteinyl leukotriene formation in the antigen-presenting cell assay.
The results of the studies presented thus far have not addressed a functional outcome
that could be more directly associated with asthma, therefore an antigen-presenting
cell (APC) assay was used to tie the effect of the particulate PM 1648 on the
macrophage to asthma. The APC constituents were the BALB/c alveolar
macrophage, D O ll.lO T cells transgenic for the ovalbumin receptor, andovalbuminthus the antigen-presentation pathway of atopic asthma was modeled in vitro. Figure
11 shows the increased T-cell proliferation when the antigen presenting macrophage
and the antigen ovalbumin are present, as measured by enzymatic detection of BrdU
incorporation. The increased proliferation shown with PM 1648 vs. without did not
reproduce consistently in additional experiments.

Increased cysteinyl leukotriene production was observed (Figure 12) at the same time
that PGE 2 levels decreased (Figure 13). The cysteinyl leukotrienes are primary
mediators of the early and late asthmatic response, causing bronchoconstriction,
mucus production, and eosinophil influx[50-52]. In Figure 12 the increase in
cysteinyl leukotriene production was significant in each of the two experiments
shown. In Figure 13 the decrease in PGE 2 production is significant for the same two
experiments.
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F igure 11 A ntigen-Presenting Cell Assay: The Influence of PM1648
As described in the methods section, AMs were treated with mitomycin C (25 ^g/ml) and PM 1648
(100 pig/ml), then ovalbumin was introduced at 10 mg/ml, and finally D O l l . l O T cells at4x10^
cells/well. Proliferation on day 3 as measured by antibody detection o f incorporated BrdU. The assay
was carried out in a 96-well plate, n=4. Bars represent standard error. * P<.001 between indicated
columns.
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Figure 12 APC with PM1648: Cysteinyl Leukotriene Production
APC assays were carried out as described for Figure 6 and in methods, except Tcells were introduced
on day 2 and BrdU determination carried out on day 4. Stored supernatants were assayed for cysteinyl
leukotrienes by enzymatic immunosorbent assay as described in methods. * P<.05 as compared to the
value without PM 1648. Combined results of two experiments.
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Figure 13 APC with PM1648: PGEz Production
The same experiments as described for Figure 7. PGE2 was measured as described in methods.
*P<.0001 as compared to PGE^ production without PM 1648. Combined results o f two experiments.
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4.0 Discussion
Air pollution particulates exacerbate asthma and may be a factor in the increasing
prevalence of asthma in the developed world. The reasons for this asthma
exacerbation are not known. The hypothesis of this study was that oxidant generation
by a reference urban particulate, PM 1648, contributes to an immune system shift
towards a more "asthmatic" profile. Two specific aims were devised to support this
hypothesis: 1. Demonstrate that air particulate causes oxidative stress in
macrophages resulting in prostaglandin E i production. 2. Demonstrate that exposure
to PM 1648 promotes an "asthmatic" profile in vitro.

The first specific aim was addressed by measuring oxidative stress in PM 1648
exposed RAW 264.7 macrophages using two different methods. Initial experiments
were done with the redox sensitive dye dichlorodihydrofluorescein diacetate
(H2 DCFDA). Goldsmith et al. showed the increase in green fluorescence - and thus
H 2DCFDA dye oxidation - by exposing dye loaded hamster AMs to residual oil fly
ash and reading the results with flow cytometry [49]. The experiments with PM 1648
also demonstrated oxidative stress, as the fluorescence with particulate was
significantly higher than with titanium dioxide or in unexposed cells (Figure 6 ).
These results were significant according to the t-test, but a more definitive
demonstration of oxidative stress was obtained by measurement of glutathione levels.
As seen in Figure 8 , macrophages increase their levels of reduced glutathione to
compensate for the oxidative stress induced by the air particulate. This same sort of
compensation is seen in experiments utilizing quinones to induce oxidative stress
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[20]. Recently Al-Humadi et. al. demonstrated similar results with diesel exhaust
particles [2]. There is an open question with any of these results: Is it really
oxidative stress caused by the particulate, or simply the macrophages own oxidative
burst, the attempt to kill and digest a phagocytized foreign particle? The answer may
be that it does not matter; if inflammatory mediator production results then a particle
is having a distinct physiological effect. It is not simply a result of phagocytosis since
the control particle titanium dioxide, though effectively phagocytized, does not have
the same result. Thus it is the characteristics of the particle that cause the oxidative
stress/oxidative burst. Either the particulate components are causing oxidative stress
by virtue of toxic components, redox active metals, polyaromatic hydrocarbons, and
lipopolysaccharide, or the components are activating a specific receptor cascade
resulting in the oxidative burst. In any case, the production of mediators such as
PGE 2 is the result. The induction or activation of two key enzymes in the prostanoid
pathway, phospholipase A2 and COX-2, is required for PGE 2 release upon particulate
stimulation (Figure 9). Both of these enzymes have been shown to be redox
sensitive; oxidative stress results in increased protein expression [21, 22]. This
suggests that the oxidative stress shown in Figures 6 , 7 and

8

is responsible for the

increased PGE 2 production, possibly via the redox sensitive transcription factors AP1 and NF- kB, which may then lead to the upregulation of phospholipase A2 and Cox2

[21, 53]. To solidify this connection between oxidative stress and PGE 2 formation a

redox buffer, glutathione monoethylester, was introduced into the wells.
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Using the glutathione monoethyl ester to block the initial oxidative stress resulted in
less PGE 2 production (Figure 10). A caveat for these experiments with the redox
buffer glutathione monoethylester is that the production of the prostanoids is a
process of oxidation. Simply creating a more reducing environment inside the
macrophage may limit its ability to oxidize the membrane-derived arachidonic acid to
prostanoid species. This becomes, however, simply another way that oxidative stress
may increase prostanoid production: By increasing the macrophage’s ability to
oxidize arachidonic acid. Thus not all of the upregulation of PGE 2 production need
proceed through signaling to transcription factors and transcriptional upregulation of
pathway enzymes. Increases in enzyme activity may also occur due to an increase in
oxidized cofactors.

The second specific aim, to demonstrate that exposure to PM1648 promotes a Th2
"asthmatic" profile response in vitro, was addressed using an antigen-presenting cell
(APC) assay modulated by PM1648 exposure. The alveolar macrophage takes up the
ovalbumin antigen and presents it to the D O ll.lO T cells, responsive to ovalbumin
due to their transgenic receptors. The APC assay then produces mediators, both
eicosanoids and cytokines, that define the pathway that the system is taking in terms
of asthma. A Th2 cytokine profile is a more asthmatic profile. Increased leukotriene
production is a more asthmatic profile. Finally, decreased PGE 2 production, my
original hypothesis aside, may be a more asthmatic profile if PGE 2 is primarily a
suppressive mediator. Various agents were used to perturb the APC assay, including
air particulate PM 1648, redox buffer glutathione monoethylester, and cyclooxygenase
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1 and 2 inhibitors. The cytokine profiles did not show a consistent Th2 shift.
Significant results were obtained, however, in terms of PGEz and cysteinyl
leukotriene production with and without PM 1648. As shown in Figures 12 and 13,
cysteinyl leukotriene production was increased while PGE 2 production was decreased
with PM1648. It is possible that the dual nature of PGE 2 as both a Th2 mediator, via
its T hl suppressive effects[24, 28, 29], and as a general immune suppressor via its
inhibition of immune cell proliferation[23, 24] are both involved in the effects of air
particulate PM 1648. As a Th2 promoter, PM1648 driven PGE 2 formation may have a
priming effect, pushing the system towards Th2 in advance of an antigen challenge.
After PGE 2 exposure, lung dendritic cell EL-12 production would remain suppressed
and a Th2 response would be favored. When the antigen challenge does occur, at a
later timepoint as in the APC assay model, less PGE 2 is produced. Thus, the system is
missing a suppressive mediator and a greater response might occur in vivo. Cysteinyl
leukotrienes are considered important mediators of asthma, and the increased
amounts shown in the APC assay with PM1648 could result in a greater asthmatic
response in vivo. Originally known as the slow-reacting substance of anaphylaxis
(SRS-A), the cysteinyl leukotrienes are powerful bronchoconstrictors due to their
direct effects on smooth muscle[34, 38]. They also increase the permeability of the
mucosa thus drawing in water and proteins, they increase mucus secretion, and they
are chemotactic for eosinophils and neutrophils[50, 52]. Thus, the key elements of
asthma, bronchoconstriction, mucus production, and eosinophil influx, can all be
caused by the cysteinyl leukotrienes. The non-cysteinyl leukotriene, leukotriene B4,
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is an even more powerful chemotactic agent[38]. Leukotriene B4 levels may have
increased along with the cysteinyl leukotrienes, but they were not measured.
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5.0 Conclusion
In a sense, the air particulate PM 1648 is a delivery vehicle for its toxic cargo. The
mean particle diameter of 4pm allows much of the particulate to penetrate to the deep
recesses of the lung, settling in the bronchioles or the alveoli. There the alveolar
macrophage is the only defense, the major barrier left to the redox active metals,
aromatic hydrocarbons, and lipopolysaccharide carried in the air particulate. But the
alveolar macrophage itself is subject to the toxicity of the phagocytized particulate.
The oxidative stress induced by the toxic particulate components leads to production
of immune modulating mediators such as prostaglandin E2 and the cysteinyl
leukotrienes. An exacerbated asthmatic response is the result.

This study showed that a reference air particulate, PM 1648, increased the oxidative
stress in RAW 264.7 macrophages, which resulted in production of the immune
modulator PGEz. It also showed that PM 1648 modulated an antigen-presenting cell
assay to produce less PGEz and more cysteinyl leukotrienes upon antigen challenge.
These effects might explain part of the asthma exacerbation of air particulate in vivo.

Future directions along this line of study could include measuring the powerful
neutrophil chemotactic agent LTB4 might reveal a significant mediator. Another
possible direction would be to change the model system. Ex-vivo work might be
done with the APC assay, exposing the mice to PM 1648 followed by lavage to obtain
the AMs, rather than obtaining the AMs for in-vitro exposure to PM 1648. It would
also be useful to observe the direct effects of PGE 2 in a mouse model of asthma. The
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priming effect of PM1648, as shown in Figure 2, might be possible to obtain by PGE 2
alone, if it is promoting a Th2 response in advance of antigen challenge. Also, to
explain the increase in PGE 2 with PM 1648 in the RAW 264.7 model, but a decrease
with PM1648 in the APC assay, it would be useful to examine the refractory period
for macrophage production of PGE 2 . It is possible that, similar to the effect of
macrophage exposure to LPS, there is a period of suppression of further response.
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Summary:
1. Air particulate PM1648 is toxic to macrophages.
Demonstrated by increased trypan blue staining of PM 1648 exposed RAW 264.7
cells. Figure 5.

2. PM1648 causes oxidative stress in macrophage.
F M I648 uptake by RAW 264.7 macrophages results in increased fluorescence
(oxidation) of redox sensitive dye dihydrodichlorofluorescein (Figure 6 ), and results
in a compensatory increase of intracellular reduced glutathione (Figures 7 and 8 ).

3. PM1648 uptake results in PGE2 release from macrophage.
PGE 2 production is significantly different from unexposed RAW 264.7 macrophages
at

6

and 12 hour time points (Figure 9).

4. The oxidative stress caused by PM1648 is responsible for the
resulting PGE2 release.
Figures

8

and 9 shows a correlation of oxidative stress with PGE 2 production. In

Figure 10, a buffer of oxidative stress, glutathione monoethylester, significantly
reduces PGE 2 production at early time points.

5. PM1648 results in decreased PGE2 production and increased
cysteinyl leukotriene formation in the antigen-presenting cell assay.
The production of these important asthma mediators, PGE 2 primarily suppressive, the
cysteinyl leukotrienes causative, is altered by PM 1648 in the antigen-presenting cell
assay and may help explain why air pollution particulate exacerbates asthma (Figures
12

and 13).
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